Steelmaking slag with high P 2 O 5 content is generated when using high-P iron ores. This slag primarily consists of a CaOSiO 2 -FeO-Fe 2 O 3 -P 2 O 5 system and is regarded as a potential P source. To separate and recover P, selective leaching of the P-concentrated solid solution from steelmaking slag was employed. To determine the appropriate slag composition for selective leaching, it is necessary to clarify the influence of the molar ratio of Fe 2? to total Fe (Fe 2? /T.Fe) on the dissolution behavior of steelmaking slag. This study found that as the Fe 2? /T.Fe ratio in slag increased, the P 2 O 5 content in the solid solution decreased, while the mass fraction of the solid solution increased; therefore, most of the P was still distributed in the solid solution. During leaching, citric acid showed an enhanced capacity to dissolve P from slag. When nitric acid is used as leaching agent, leaching should be conducted at a lower pH to achieve a leaching performance similar to that of citric acid. Because the presence of FeO in the solid solution deteriorated its dissolution, the dissolution ratio of P decreased significantly with the increasing Fe 2? /T.Fe ratio in slag. By contrast, the dissolution of Fe was promoted. This was attributed to a higher dissolution of the CaO-SiO 2 -FeO matrix phase compared with the CaO-SiO 2 -Fe 2 O 3 matrix phase. Therefore, to achieve a better selective leaching of P, steelmaking slag should be oxidized to lower the Fe 2? /T.Fe ratio below 0.1.
Introduction
The development of the iron and steel industry has been restricted due to the gradual decrease in reserves and the consistently increasing price of high-grade (\ 0.075 mass% P) iron ores [1] . To solve this crisis, many attempts have been devoted to the utilization of low-grade iron ores, such as high-P iron ores in massive reserves [2, 3] . Because P is detrimental to the low-temperature toughness of steel products, most of the P present in iron ores or hot metal should be removed during the ironmaking or steelmaking process. In general, high-P iron ores are dephosphorized by acid leaching or pre-reduction prior to their use in smelting [3, 4] . Although the P content of high-P iron ores is far lower than that in phosphate ores, the total amount of P in high-P iron ores is considerably large due to its huge consumption. From another perspective, if P can be enriched and then effectively separated, these P will be an alternative source to secure P supplies. Value-added utilization of high-P iron ores and sustainable steelmaking are achievable.
During dephosphorization, the P in hot metal that originates in the iron ores is oxidized and then transferred to the slag. This is also regarded as a P enrichment process. P is mainly distributed in the 2CaOÁSiO 2 -3CaOÁP 2 O 5 (C 2 S-C 3 P) solid solution [5, 6] . When high-P iron ores are utilized, hot metal with high P content will be generated. Iron ores containing 0.1 mass% or more P have already been used in India, and the P content in hot metal exceeded 0.25 mass% [7, 8] . To meet the demands for low-P steel, a highly efficient dephosphorization process is necessary. Kitamura et al. [9] studied the dephosphorization treatment of hot metal with high P content. It was determined that the P content in steel could decrease from 0.3 to 0.015 mass % The contributing editor for this article was Veena Sahajwalla.
& Chuan-ming Du dcm198812@gmail.com 1 Institute of Multidisciplinary Research for Advanced Materials, Tohoku University, 2-1-1 Katahira, Aoba-ku, Sendai, Miyagi 980-8577, Japan in hot metal, and slag containing more than 10 mass% P 2 O 5 could generate based on a simulation model. Furthermore, the addition of Na 2 O to slag can increase the phosphate capacity of slag and enhance the distribution ratio of P [10, 11] . These results demonstrated that dephosphoriztion of hot metal with high P content and formation of slag with high P 2 O 5 content are achieved. The P concentrated in slag with high P 2 O 5 content is regarded as a potential P source. Separation and recovery of P from steelmaking slag has been studied by many researchers [12, 13] . Based on the difference in solubility between the C 2 S-C 3 P solid solution and CaO-SiO 2 -Fe t O matrix phase in the aqueous solution, Teratoko and Kitamura et al. [14] proposed the selective leaching of P from steelmaking slag. The dissolution ratios of each element from the matrix phase were lower than those from the solid solution, and the solid solution in steelmaking slag was selectively dissolved at a constant pH [15] . It was expected that the dissolved P in the leachate would be a suitable raw material for the production of phosphate fertilizer since this process was similar to the wet process for producing phosphate fertilizers [16] . Furthermore, the remaining P-poor and Fe-rich mineralogical phase could be recycled for further use in a steelmaking plant. Previously, we have studied the dissolution behavior of P from steelmaking slag with high P 2 O 5 content, which consisted of a CaO-SiO 2 -Fe 2 O 3 -P 2 O 5 system [17] [18] [19] [20] . It was determined that slow cooling of the molten slag and Na 2 O modification was necessary to realize the selective leaching of P from slag because they not only promoted the dissolution of the P-concentrated solid solution but also suppressed the dissolution of the Fe-rich matrix phase. Therefore, most of the P in slag was dissolved without Fe significantly dissolving.
However, the practical steelmaking slag primarily consists of the CaO-SiO 2 -FeO-Fe 2 O 3 -P 2 O 5 system. The valence of Fe in slag has a significant influence on the dissolution of slag. It has been reported that when FeO was used as the iron oxide, the dissolution ratio of P from slag was much lower than when Fe 2 O 3 was used [14] . In addition, the matrix phase of the CaO-SiO 2 -FeO system was more easily dissolved compared to that of the CaOSiO 2 -Fe 2 O 3 system [21] . To determine the appropriate slag composition for selective leaching, it was necessary to clarify the effect of the molar ratio of )). To promote the dissolution of P, Na 2 O was added as a modifier [18] . The P 2 O 5 and Na 2 O contents in each slag were fixed at 8 and 4 mass %, respectively. According to the target compositions, 10 g of the oxides were thoroughly mixed and heated to form a homogeneous liquid phase. To fabricate slag A, containing only Fe 2 O 3 , the sample was heated to 1773 K in a Pt crucible in air. To produce slag E, which contained only FeO, the sample was heated to 1723 K (below the melting point of crucible) in an Fe crucible in Ar. To manufacture the slags containing Fe 2 O 3 and FeO (slags B, C, and D), the samples were heated to 1773 K in Pt crucibles under a CO 2 -CO gas mixture, which was used to control the partial pressure of oxygen. To estimate the CO 2 /CO volume ratio in each case, the activities of FeO and Fe 2 O 3 in the molten slag were first calculated using the Factsage 7.0 software. Subsequently, the partial pressure of oxygen was calculated using Eq. (1) [22] . The CO 2 /CO volume ratios were determined using Eq. (2) [23] and presented in Table 1 . As shown in Fig. 1 , the liquid slags were cooled to 1623 K and kept at this temperature for 20 min to precipitate the solid solution. After heating, the samples were cooled in the furnace at a cooling rate of 5 K/min and removed from the furnace after reaching 1323 K. The elemental compositions of the slags were determined using inductively coupled plasma atomic emission spectroscopy (ICP-AES). The Fe 2? content in the slags was determined by potassium dichromate titration [24] . The mineralogical compositions of the slags were analyzed using electron probe microanalysis (EPMA) and X-ray diffraction (XRD) analysis.
The synthesized slags were ground into particles smaller than 53 lm and used for the leaching experiments. The leaching apparatus was the same as that used in previous studies [17] . We added 1 g slag to 400 mL distilled water and agitated the mixture using a rotating stirrer at 200 rpm. The temperature of the aqueous solution was kept at 298 K using an isothermal water bath. During slag dissolution, Ca 2? ions dissolved into the aqueous solution, which caused an increase in pH. Acid solution was automatically added to keep the pH constant. In this study, citric acid (H 3 C 6 H 5 O 7 , 0.1 mol/L) was used as leaching agent, and compared with nitric acid (HNO 3 , 0.2 mol/L). To achieve more efficient selective leaching of P, the pH was determined based on previous studies [18, 20] . Each slag was leached using citric acid at pH 6 and nitric acid at pH 4, respectively. The leaching time was set as 120 min. Approximately 5 mL of aqueous solution was sampled at adequate intervals and filtered using a syringe filter (\ 0.45 lm). The concentration of each element in the filtered solution was determined using ICP-AES. After leaching, the undissolved slag was collected by filtering the aqueous solution. The dried residue was weighed and analyzed using XRD and EPMA. 
Results and Discussion

Mineralogical Composition
Typical cross sections of slags with different Fe 2? /T.Fe ratios are shown in Fig. 2 . Table 3 lists the average composition of each phase in these slags. Each slag mainly consisted of three phases. The white phase, rich in Fe t O, was wüstite or hematite (Fe-rich phase). The black phase, which contained a higher P 2 O 5 content, was the solid solution. The gray phase of the CaO-SiO 2 -Fe t O system was considered the matrix phase. It can be seen that for slag E, which contained FeO, the particles of the solid solution were larger than those for slag A, which contained Fe 2 O 3 , while the particles of the Fe-rich phase were smaller. The composition of the Fe-rich phase was almost the same in these slags. With the increasing Fe 2? /T.Fe ratio in slag, the P 2 O 5 and Na 2 O contents in the solid solution decreased, but Fe t O became easier to be distributed in the solid solution. The P 2 O 5 content in the solid solution of slag E decreased to 19.3 mass%, while the FeO content in it reached 7.0 mass%. The P 2 O 5 and Na 2 O contents in the matrix phase were not significantly different for these slags. Higher Fe 2? /T.Fe ratios in slags led to lower CaO and higher Fe t O contents in the matrix phase. Figure 3 shows the change in the distribution ratios of P 2 O 5 and Na 2 O between the solid solution and matrix phase. Most of the P 2 O 5 was concentrated in the solid solution because of the higher distribution ratio of P 2 O 5 in each slag. The distribution ratio of P 2 O 5 increased with the decrease in the Fe 2? /T.Fe ratio in slag. The slags with lower Fe 2? /T.Fe ratios showed higher distribution ratio of Na 2 O, yet their values were smaller than 2. Figure 4 shows the changes in the concentrations of Ca, P, and Fe in the citric acid solution at pH 6. The concentration of each element increased continuously with the leaching exhibited an opposite dissolution behavior. The dissolution of P from slag A was the fastest in the initial period, when we determined the highest P concentration. Increasing the Fe 2? /T.Fe ratio in slag decreased P concentration. For slags with higher Fe 2? /T.Fe ratios, P concentration was less than 20 mg/L after 120 min.
Dissolution Behavior of Slag
On the basis of the compositions of the final leachates, the dissolution ratio of each element from different slags was calculated using Eq. (3):
where R M is the dissolution ratio of element M from slag, C M is the concentration of M after 120 min (mg/L), V is the final volume of the aqueous solution (L), and m M is the mass of M in 1 g of slag (mg). Figure 5 shows the calculated results in the citric acid solution at pH 6. The dissolution ratios of Ca and Na from each slag were almost the same, reaching approximately 45% and 55%, respectively. Approximately 80% of P was dissolved from slag A, which contained only Fe 2 O 3 , while the dissolution of Fe was negligible. Increasing the Fe 2? /T.Fe ratio in slag significantly suppressed the dissolution of P and promoted the dissolution of Fe, which deteriorated the selective leaching of P. When the Fe 2? /T.Fe ratio in slag was higher than 0.59, the difference in dissolution ratios of P, Fe, and Si was insignificant. For slag E, which contained only FeO, only 17.0% of P was dissolved, while the dissolution ratio of Fe increased to 21.4%. In addition, the dissolution ratio of Si almost doubled compared with slag A.
The dissolution behavior of Ca, Fe, and P when nitric acid was used as leaching agent at pH 4 is shown in Fig. 6 . The changes in the concentrations of each element with leaching time were similar to those in the citric acid solution at pH 6. Slag A, which contained only was almost the same, and less than 20.0 mg/L. As the Fe 2? /T.Fe ratio decreased, the dissolution of P increased significantly and could reach 68.6 mg/L after 120 min.
Using the above concentrations and Eq. (3), the dissolution ratios of each element from different slags in the nitric acid solution were calculated. Figure 7 shows that when only Fe 2 O 3 existed in slag, the dissolution ratio of P was the highest, and the dissolution ratios of other elements were lower. Thus, it exhibited a better selective leaching of P, similar with that in the citric acid solution at pH 6. When the Fe 2? /T.Fe ratio in slag increased to 0.59, there was a sharp decrease in the dissolution ratio of P. By contrast, the dissolution of other elements was significantly promoted. The majority of Ca, Si, and Na were dissolved, and the dissolution ratio of Fe increased to 16.4%. A further increase in the Fe 2? /T.Fe ratio had an insignificant influence on the dissolution of slag. For slag E, the dissolution ratio of P was only 21.0%, which was far lower than those of Ca and Si.
Citric acid can dissolve minerals via two possible mechanisms [25] : the direct displacement of metal ions from the mineral matrix by hydrogen ions and formation of soluble metal complexes and chelates. These mechanisms result in a higher dissolution ratio of P from steelmaking slag in nearly neutral aqueous solutions. When nitric acid was used as leaching agent, to achieve a leaching performance similar to that in citric acid, the pH had to be lowered to increase the concentrations of hydrogen ions. The dissolution ratio of P in the nitric acid solution at pH 4 could approach that in the citric acid solution at pH 6 for all the tested slags.
The dissolution of matrix phase from slag A, which contained only Fe 2 O 3 , was poor because of the lower Fe concentration. However, for the slags with higher Fe 2? / [26] . The dissolution reaction of vivianite and its equilibrium constant are described by Eq. (4) [26, 27] . Figure 8 shows the calculated relationship between the concentrations of Fe 2? and P in aqueous solution at pH 4 and their comparison with the leaching results in the nitric acid solution. For the slags with higher Fe 2? /T.Fe ratios, the concentrations of the phosphate and Fe 2? ions were close to the solubility line of vivianite, demonstrating that the concentration of P was restricted by the solubility of vivianite. Considering the high dissolution ratios of Ca and Si in this case (as shown in Fig. 7) , we concluded that although large amounts of the solid solution and matrix phase were dissolved, the precipitation of the dissolved P occurred resulting in a lower dissolution ratio of P.
The phase fractions in slags with different Fe 2? /T.Fe ratios were calculated based on the mass balance and compared with the fractions of the residue and dissolved mass in the nitric acid solution, as shown in Fig. 9 . Because of the loss of the aqueous solution during sampling, the total amount of the dissolved mass and residue was less than the initial slag mass. With the increasing Fe 2? /T.Fe ratio, the mass fraction of the solid solution increased significantly, and those of the matrix and Fe-rich phases decreased correspondingly. For slag A, the fraction of the dissolved mass was almost the same as that of the solid solution. Because the dissolution of Fe (Fe-containing phases) was insignificant, it was considered that the solid solution was selectively dissolved. When the Fe 2 O 3 in slag transformed into FeO, the fraction of the dissolved mass was significantly higher than that of the solid solution. This meant that a large amount of the matrix phase was dissolved, which was not beneficial for the selective leaching of the P-concentrated solid solution. Figure 10 shows the solubility line of vivianite at pH 6 and the leaching results in the citric acid solution. Although a great deal of Fe 2? ions existed, the concentration of P was still high and significantly higher than its saturation concentration. -was also taken into consideration. The concentration of C 6 H 5 O 7 3-was determined using the final volumes of the aqueous solution and the mass of the added citric acid. Using these equations, the concentration of the free Fe 2? ions in the citric acid solution was calculated. Figure 10 shows that the concentration of free Fe 2? was very low, lower than 0.3 mg/L. The concentrations of P and free Fe 2? were located close to the solubility line of vivianite. Because the concentration of the free Fe 2? was too low, the amount of phosphate precipitate was negligible. Therefore, most of the dissolved P could exist in stable form in the citric acid solution.
Assuming that the solid solution or matrix phase was separately dissolved, the dissolution ratios of P and Fe from the slags with different Fe 2? /T.Fe ratios were calculated using the mass fractions and compositions of each phase. The calculated dissolution ratio of P was equal to the mass fraction of P distributed in the solid solution. Figure 11 shows the calculated values and experimental results when citric acid was used. The calculated dissolution ratio of P from each slag was approximately 90%, indicating that most of the P was concentrated in the solid solution. For slag A, which contained only Fe 2 O 3 , the dissolution ratio of P was close to the calculated value. The dissolution ratio of Fe was very low, the same as that calculated from the solid solution. These findings demonstrated that the majority of the solid solution was dissolved without significant dissolution of other phases. A better selective leaching of solid solution was exhibited.
With the increasing Fe 2? /T.Fe ratio in slag, the dissolution ratio of P decreased significantly, and became less than 70% when the Fe 2? /T.Fe ratio exceeded 0.1. For slags C, D, and E, the dissolution ratios of P were significantly lower than the calculated values. Without considering phosphate precipitation, these results indicated that the dissolution of solid solution was poor. However, the dissolution ratio of Fe was higher than the value calculated from the solid solution and lower than that obtained when the solid solution and matrix phase were both dissolved. This illustrated that some of the dissolved Fe was supplied by the matrix phase. Therefore, when FeO existed in slag, the dissolution of solid solution became difficult, and the dissolution of matrix phase obviously occurred.
The different dissolution behaviors of the mineral phases were attributed to the differences in their mineral structures and bond strengths. In silicate or phosphate minerals, Si and P form tetrahedral units with four O atoms, SiO 4 4-and PO 4 3-, where metal cations share the O atoms in the corners of the tetrahedral structures [29] . Metal cations and Si or P are combined by metal-O-Si or metal-O-P bonds, respectively. The electrical charges and sizes of the cations determine the strength of the cation-O bonds. Shorter bond lengths and higher electric charges of the metal ions result in higher bond strengths [30] . To consider both the electric charge and the ionic radius simultaneously, the ionization potential (Z/r 2 ) is often used, as presented in Table 4 [30, 31] . The dissolution of silicate or phosphate minerals in acid solutions depends on the breaking of the weaker bonds in their structure [29] . Because the strength of the P-O or Si-O bonds is significantly higher than that of the metal-O bonds, dissolution would favor the breaking of the metal-O bonds. Thus, the metal dissolves to form metal cations, while P and Si dissolve to form phosphate (PO 4 3-) and silicate (SiO 4 4-), respectively. As demonstrated by the Hume-Rothery rule [32] , if the radii of two different ions are almost similar and the ions have the same valence, then these ions replace each other in solid solutions. As listed in Table 4 [30] . The Fe-O-P bonds are more difficult to break than the Ca-O-P bonds during leaching. Therefore, the dissolution of the solid solution containing FeO was difficult for slag E.
The matrix phase in these slags was the silicate glass of the CaO-Fe t O-SiO 2 system. As shown in Fig. 12 , Si forms tetrahedral units (SiO 4 4-) with four O atoms, and complex networks exist in silicate glass [29] . It has been commonly reported that Fe 2? ions act as network modifiers in silicate glass, resulting in octahedral coordination [33] . However, for the CaO-Fe 2 O 3 -SiO 2 glass, the Fe 3? ions are tetrahedrally and octahedrally coordinated [34, 35] 
Residue Composition
The mineralogical compositions of the residues obtained after leaching were analyzed using XRD, as shown in Fig. 13 . The peaks associated with the solid solution and Fe-rich phase (hematite or wüstite) were observed in the original slags. For slag A, the peaks associated with the solid solution almost disappeared after leaching in the citric or nitric acid solution, while the peaks of hematite intensified. This demonstrated that the solid solution was separated from slag by selective leaching, while the Fe-rich phase remained. The peaks associated with the solid solution still existed in the residue of slag E, indicating that the dissolution of solid solution was poor. When slag E was leached by nitric acid at pH 4, the intensities of the peaks of the solid solution in the residue were lower and those of wüstite higher compared to those in the citric acid solution at pH 6. This illustrated that more solid solution was dissolved, but the dissolution of solid solution was still insufficient. Table 5 lists the average compositions of the residues after leaching in the citric acid solution at pH 6. When only Fe 2 O 3 existed in slag, due to a better selective leaching of P, the P 2 O 5 content in the residue was only 1.7 mass%, and half of the residue consisted of Fe 2 O 3 . This residue has the potential to be reused for steelmaking. With the increasing Fe 2? /T.Fe ratio in slag, the P 2 O 5 content in the residue increased while the Fe t O content decreased. The P 2 O 5 contents in the residues of slags with higher Fe 2? /T.Fe ratios were higher than the P 2 O 5 contents in the original slags. This indicated that the dissolution of P was difficult compared with those of other elements. These results were consistent with the above XRD results. Figure 14 shows the EPMA images of the surface of the residue after leaching in the citric acid solution. The compositions of the identified domains on the surface of the residue are listed in Table 6 . Two phases, similar in composition to the matrix phase and hematite, were observed on the surface of the residue of slag A. It was difficult to detect the solid solution for this residue, which indicated that the solid solution that came in contact with the aqueous solution dissolved selectively. Aside from wüstite and matrix phase, a domain with high P 2 O 5 content was also observed for slag E. Its composition was similar with that of the solid solution, demonstrating that the solid solution did not sufficiently dissolve. In summary, the existence of FeO in slag deteriorated the dissolution of the P-concentrated solid solution and caused the dissolution of the Fe-containing matrix phase. To achieve a better selective leaching of P from slag, the practical steelmaking slag should be oxidized to decrease the Fe 2? /T.Fe ratio in slag below 0.1. Moreover, the oxidization of steelmaking slag has been successfully industrialized to modify slag with the aid of blowing oxygen [36] .
Conclusions
To determine the appropriate slag composition for selective leaching, it was necessary to clarify the influence of the Fe 2? /T.Fe ratio in slag on the dissolution behavior of P and Fe. In this study, we synthesized five types of slags with different Fe 2? /T.Fe ratios and investigated their dissolution behaviors. The following conclusions were drawn:
(1) With the increasing Fe 2? /T.Fe ratio in slag, the P 2 O 5 content in the solid solution decreased, while the Fe t O content increased. Although the distribution ratio of P 2 O 5 between the solid solution and matrix phase decreased, the mass fraction of the solid solution in slag increased. Most of the P was still concentrated in the solid solution.
(2) Citric acid showed an enhanced capacity to dissolve P from slag. Approximately 80% of P was dissolved from the slag containing only Fe 2 O 3 at pH 6. When nitric acid is used as leaching agent, to achieve a similar leaching performance, leaching should be conducted at a lower pH. (3) Because the presence of FeO in the solid solution deteriorated its dissolution, the dissolution ratio of P decreased significantly with the increasing Fe 2? / T.Fe ratio in slag. By contrast, the dissolution of Fe was promoted. This was attributed to a larger dissolution of the CaO-FeO-SiO 2 matrix phase compared with the CaO-Fe 2 O 3 -SiO 2 matrix phase. Therefore, to achieve a better selective leaching of P, steelmaking slag should be oxidized in order to lower the Fe 2? /T.Fe ratio in slag below 0.1. 
